Mitochondria play an essential role in apoptosis by releasing apoptogenic molecules such as cytochrome c and AIF, and some caspases, which are all regulated by Bcl-2 family proteins. Pro-apoptotic Bax and Bak have been shown to induce cytochrome c release and loss of membrane potential (Dc) leading to AIF release in the isolated mitochondria. We have previously shown that Bax and Bak open the voltage-dependent anion channel (VDAC) allowing cytochrome c to pass through the channel, and Bcl-x L closes the channel. However, it has been reported that it is adenine nucleotide translocator (ANT) with which Bax/Bcl-x L interacts that modulate the channel activity. Here, we investigated the role of ANT and VDAC in the changes of isolated mitochondria triggered by Bax and by chemicals that induce permeability transition (PT). In rat and yeast mitochondria, Bax did not aect the ADP/ATP exchange activity of ANT. VDAC-de®cient but not ANT-de®cient yeast mitochondria showed resistance to cytochrome c release, Dc loss, and swelling caused by Bax and PT inducers. Bcl-x L showed similar inhibition of all these changes in ANTde®cient and wild type yeast mitochondria. Furthermore, Bax induces cytochrome c release in wild type yeast cells but not VDAC1-de®cient yeast cells. These data indicate that VDAC, but not ANT, is essential for apoptotic mitochondrial changes. The data also indicate that Bcl-x L and Bax possess an ability to regulate mitochondrial membrane permeability independently of other Bcl-2 family members.
Introduction
Apoptosis is a tightly regulated cell death mechanism that is required for selective elimination of cells. Various apoptotic signals eventually converge to activate a family of cysteine proteases called caspases, which then cleave a critical set of cellular proteins to initiate apoptotic cell death (reviewed by Thornberry and Lazebnik, 1998) . Apoptosis is regulated by the Bcl-2 family of proteins upstream of caspase activation (Chinnaiyan et al., 1996; Shimizu et al., 1996) . The Bcl-2 family consists of anti-apoptotic members such as Bcl-2 and Bcl-x L , as well as proapoptotic members such as Bax, Bak, and BH3-only proteins (including Bid and Bik) (reviewed by Adams and Cory, 1998; Tsujimoto and Shimizu, 2000) .
Mitochondria have been shown to have a vital role in apoptotic signal transduction. Apoptotic changes of mitochondria include loss of the potential (Dc) across the inner membrane, leading to the release of apoptosis-inducing factor (AIF), and Dc loss-independent or -dependent release of apoptogenic cytochrome c from the intermembrane space (reviewed by Green and Reed, 1998; Tsujimoto and Shimizu, 2000) . All of these changes are prevented by Bcl-2 and Bcl-x L (reviewed by Green and Reed, 1998; Tsujimoto and Shimizu, 2000) . After the release of cytochrome c, it interacts with Apaf-1, a mammalian CED-4 homolog, leading to recruitment and activation of pro-caspase-9, and subsequent activation of the downstream eector caspases including caspase-3 (reviewed by Thornberry and Lazebnik, 1998; Li et al., 1997) . AIF has recently been reported to induce apoptotic nuclear changes in a caspase-independent manner after translocation into the nucleus (Susin et al., 1999) . We and others have shown that pro-apoptotic Bcl-2 family members (Bax, Bak, Bid, and Bik) induce apoptotic changes in isolated mitochondria that are prevented by Bcl-2 and Bcl-x L (JuÈ rgensmeier et al., 1998; Narita et al., 1998; Eskes et al., 1998; Shimizu and Tsujimoto, 2000) . Although there seems to be controversy, it has been shown that Bax-and Bak-induced mitochondrial changes are mediated by a polyprotein channel called the permeability transition (PT) pore (Narita et al., 1998; Marzo et al., 1998) , which is considered to form at sites of contact between the mitochondrial inner and outer membranes and to consist of mitochondrial porin (also called the voltage-dependent anion channel, VDAC), the adenine nucleotide translocator (ANT), cyclophilin D, and some other molecules (reviewed by Bernardi et al., 1994; Zoratti and SzaboÂ , 1995) . VDAC is an abundant outer mitochondrial membrane protein that forms a large (53 nm) voltage-gated pore when incorporated into planar lipid bilayers (reviewed by Colombini, 1989) . Physiologically, VDAC functions as the primary pathway for the movement of various substances, including adenine nucleotides, ions, and metabolites, in and out of the mitochondria. ANT is an inner mitochondrial membrane protein that exchanges ATP and ADP across the inner membrane, a process which is crucial for oxidative phosphorylation (reviewed by Klingenberg and Nelson, 1994) .
The budding yeast Saccharomyces cerevisiae has proved useful for studying bax-induced mitochondrial changes, because Bax induces apoptotic mitochondrial changes (including cytochrome c release and Dc loss) in isolated yeast mitochondria like mammalian mitochondria (Shimizu et al., 1999; Priault et al., 1999b) . Since mammalian cells lacking VDAC and ANT are not available, analysis of these proteins using yeast mutants seems to be useful for obtaining genetic evidence on the involvement of such proteins in apoptotic mitochondrial changes. Yeast cells carry two vdac genes and three ant genes (Blanchly-Dyson et al., 1997; Nelson et al., 1993) .
We recently showed that Bax and Bak directly target and open the VDAC to induce cytochrome c release in a liposome system (Shimizu et al., 1999 , and we also showed that the VDAC is required for apoptotic Dc loss and cytochrome c release using VDACde®cient yeast mitochondria (Shimizu et al., 1999) . It has also been reported that Bax interacts directly with ANT and enhances ANT opening induced by atractyloside (an ANT inhibitor), and that ANTde®cient yeast are resistant to Bax-induced cell death, suggesting that ANT may also be a functional target of Bax (Marzo et al., 1998; Brenner et al., 2000) . To investigate the detailed mechanisms of Bax-induced mitochondrial changes, we assessed the eect of Bax on mitochondria isolated from ANT-and VDAC-de®cient yeasts. We found that apoptotic mitochondrial changes such as cytochrome c release and Dc loss, which were caused by Bax and some chemicals, required VDAC but not ANT.
Results

Bax does not influence ANT activity
Bax was shown to interact with ANT, and enhance the atractyloside (ANT inhibitor)-induced opening of ANT (Marzo et al., 1998; Brenner et al., 2000) . We con®rmed the interaction of Bax and ANT both in vitro and in vivo (Shimizu et al., 1999; and data not shown) . These ®ndings raised the possibility that Bax could functionally interact with ANT, so we ®rst assessed the eect of Bax on ADP transport across the mitochondrial membrane, which is the major physiological function of ANT. As shown in Figure 1a ,b, Bax did not aect ADP transport in rat liver mitochondria, although this concentration of Bax induced cytochrome c release (Figure 1c) . Note that the ADP/ ATP exchanging activity of ANT was not aected by Bax even after cytochrome c release was observed. Similar results were also obtained when yeast mitochondria were used (Figure 1d ). These results indicated that Bax did not modulate the ADP/ATP exchanging activity of ANT in a mitochondrial context.
ANT is not required for Bax-induced apoptotic mitochondrial changes
Since Bax did not aect the ADP/ATP exchange activity of ANT despite inducing apoptotic mito- Figure 1 Failure of Bax to aect ANT activity. (a, b) Lack of any eect of rBax on ADP uptake in rat liver mitochondria. Rat liver mitochondria (1 mg/ml, 250 ml) were incubated with rBax (20 mg/mg mitochondrial protein) for the indicated times (a) or at the indicated concentrations for 5 min (b), and ADP uptake was measured as described in Materials and methods (open symbols). Addition of 100 mM atractyloside to mitochondria before addition of rBax is indicated as solid symbols. (c) Induction of cytochrome c release by rBax. Rat liver mitochondria (1 mg/ml, 1 ml) were incubated with 10 mg/ml rBax. At the indicated times, samples were centrifuged and aliquots (20 ml) of the supernatants were subjected to Western blot analysis for cytochrome c.`Total' represents an equivalent aliquot of mitochondria. (d) Lack of any eect of rBax on ADP uptake in yeast mitochondria. Yeast mitochondria (0.1 mg) were incubated with rBax at the indicated concentrations for 5 min and ADP uptake was measured (open column). Addition of 100 mM atractyloside to mitochondria before addition of rBax is indicated as the solid column chondrial changes, we investigated whether ANT is involved in Bax-induced apoptotic mitochondrial changes. As no mammalian cells lacking ANT were available and Bax could function in yeast cells (Greenhalf et al., 1996; Matsuyama et al., 1998; Shimizu et al., 1999; Gross et al., 2000) , we used yeast mutants de®cient for ANT3, one of three ANTs (DANT3), and for all ANTs (DANT1-3). Semi-quantitative PCR analysis (Figure 2a) con®rmed the lack of ANT gene(s) in these mutant yeasts. Consistent with these ®ndings, mitochondria isolated from DANT1-3 yeast showed no ADP transport activity (Figure 2b) .
To elucidate the role of ANT on Bax-induced mitochondrial changes, mitochondria isolated from wild type, DANT3, and DANT1-3 yeast cells were incubated with recombinant human Bax (rBax), and the mitochondrial Dc was measured with rhodamine 123 (Rh123) as described in Materials and methods. Addition of rBax, but not mock protein, induced Dc loss in wild type yeast mitochondria (Figure 3a ), con®rming our previous observations (Shimizu et al., 1999) . DANT3 and DANT1-3 yeast mitochondria also showed Bax-induced loss of Dc (Figure 3b ,c) to a similar extent as wild type mitochondria (Figure 3d ). rBax also induced cytochrome c release equally in mitochondria from wild type yeast as well as in those from DANT3 and DANT1-3 yeasts (Figure 3e ). These results indicate that ANT is not essential for Baxinduced mitochondrial changes, including Dc loss and cytochrome c release. (Figure 4e ), con®rming our previous observations (Shimizu et al., 1999) . Consistent with the results of the isolated mitochondria, cytochrome c release from the mitochondria was observed when Bax was expressed in wild type, but not VDAC1-de®cient, yeast cells ( Figure 4f ). The small magnitude of Bax-induced cytochrome c release observed in yeast cells, which is consistent with recent reports (Roucou et al., 2000; Gross et al., 2000) , as opposed to the larger magnitude of cytochrome c release occurring in isolated mitochondria, could be due to dierences in the amount of Bax acting on the mitochondria or Bax-induced cell death, probably independent of cytochrome c release, that occurs before Bax-mediated increases of mitochondrial membrane permeability in cells. Although yeast cells carry two VDACs, VDAC1 and VDAC2, VDAC2 is known to make only a small contribution to the modulation of membrane permeability to metabolites (Lee et al., 1998) . These results indicate that VDAC is required for Bax-induced cytochrome c release in isolated mitochondria as well as in yeast cells. The same experiments as shown in (a ± c) were carried out. Ten minutes after addition of rBax, samples were centrifuged, and aliquots (20 ml) of the supernatants (sup) were analysed by Western blotting using anti-yeast cytochrome c antibody.`total' represents an equivalent aliquot of mitochondria. Data are representative of three independent experiments. (f) Essential role of VDAC1 for Bax-induced cytochrome c release in yeast cells. wild type (wt) and VDAC1-de®cient (DVDAC) yeast cells were transformed with a plasmid allowing galactose-dependent expression of Bax (B) and its control vector (V). Yeast cells grown in SD medium were washed with water and suspended for 24 h in SG medium. Spheroplasts were prepared and added with 0.3 mg/ml of digitonin for 3 min in isotonic MT2 media, and centrifuged for 10 min at 15 000 r.p.m. Aliquots (20 mg) of supernatant (sup) and those (5 mg that corresponded to a half of equivalents) of pellet (pt) were analysed by Western blotting using anti-yeast cytochrome c antibody (upper) . Aliquots (20 mg) of supernatant (sup) and those (20 mg) of pellet (pt) were also analysed by Western blotting using an antibody speci®c to yeast PGK (a cytoplasmic protein) (middle), and an antibody speci®c to yeast COX1 (a mitochondrial protein) (lower). Data are representative of four independent experiments Swelling of isolated mitochondria induced by Bax, ethanol, and ATP, is dependent on VDAC but not ANT Since Bax induced the mitochondrial swelling, one of the hallmark of the PT, in rat mitochondria (Narita et al., 1998; Marzo et al., 1998) , we next examined whether Bax could induce the swelling in yeast mitochondria. Mitochondrial swelling was detected using the decrease of light scatter, as described in Materials and methods. As shown in Figure 5a ,c,e, addition of rBax induced swelling of control mitochondria in a concentration-dependent manner. Consistent with the observations for Bax-induced Dc loss and cytochrome c release, DANT1-3 but not DVDAC underwent mitochondrial swelling (Figure 5b,d,e) , suggesting that VDAC but not ANT was required for the Bax-induced swelling in yeast mitochondria. As shown in Figure 5f , control and DANT1-3 mitochondria, but not DVDAC mitochondria, showed swelling induced by ethanol (Jung et al., 1997) . Virtually identical results were obtained with ATP (data not shown). These results suggested that VDAC, but not ANT, was essential for swelling induced by not only Bax but also chemicals in yeast mitochondria. Protective effect of Bcl-x L on mitochondria is independent of other Bcl-2 family members and ANT Bcl-2 and Bcl-x L , the anti-apoptotic members of the Bcl-2 family, have been reported to prevent PT induction by various stimuli and also to antagonize some pro-apoptotic Bcl-2 family members in mammalian mitochondria (JuÈ rgensmeier et al., 1998; Narita et al., 1998; Marzo et al., 1998) . To examine whether Bclx L exerts its protective eect on the mitochondria independent of other Bcl-2 family members, we assessed Bcl-x L function on yeast mitochondria that do not carry homologs of the Bcl-2 family members. As shown in Figure 6a ,c, rBcl-x L prevented ethanolinduced swelling in a dose-dependent manner. ATPinduced swelling (Jung et al., 1997) was also prevented by rBcl-x L (data not shown). rBcl-x L also prevented ATP-induced and ethanol-induced Dc loss (Figure 6e , and data not shown) of wild type yeast mitochondria, and rBax-, ATP-, and ethanol-induced cytochrome c release of wild type yeast mitochondria (Figure 6d ,f, and data not shown). These results indicated that Bclx L exerted its protective eect on yeast mitochondria like mammalian mitochondria and that this activity of Bcl-x L was independent of other Bcl-2 family members. Note that, like Bax-induced cytochrome c release, ATP-induced cytochrome c release and Dc loss were dependent on VDAC (Figure 6e,f) .
Bcl-2 and Bcl-x L were reported to bind with ANT (Marzo et al., 1998; Shimizu et al., 1999; Brenner et al., 2000) . Therefore, we next examined the role of ANT in the prevention of Dc loss and cytochrome c release by Bcl-x L . As shown in Figure 6a ± c, rBcl-x L prevented ethanol-induced swelling of wild type yeast mitochondria as well as in DANT1-3 yeast mitochondria. Similar ®ndings were also obtained when mitochondria were treated with rBax (data not shown). Furthermore, Baxinduced cytochrome c release was inhibited by Bcl-x L in both wild type and DANT1-3 yeast mitochondria (Figure 6d ). These results indicated that ANT was also unnecessary for Bcl-x L to function.
Discussion
We and others have previously shown that the PT pore, putatively consisting with the VDAC and ANT, is involved in apoptotic mitochondrial changes such as cytochrome c release and Dc loss (JuÈ rgensmeier et al., 1998; Narita et al., 1998; Marzo et al., 1998) . We have recently shown that the VDAC is a target of Bcl-2 family proteins: anti-apoptotic members close it and pro-apoptotic members such as Bax and Bak open it so that cytochrome c can pass through the channel (Shimizu et al., 1999 . By extrapolation of studies with yeast mitochondria lacking VDAC1, we also previously provided evidence that the VDAC is essential for cytochrome c release and Dc loss that are induced by pro-apoptotic Bax and Bak (Shimizu et al., 1999) , although the controversial result was reported that Bax-induced cytochrome c release still occurs in VDAC-de®cient yeast cells (Priault et al., 1999b) . However, our careful re-examination showed that Bax-induced cytochrome c release was signi®cantly inhibited in VDAC1-de®cient yeast cells (Figure 4f) , which was consistent with our observations using isolated mitochondria (Shimizu et al., 1999 , and this study). Here we also showed, using yeast mitochondria, that the VDAC is also essential for cytochrome c release and Dc loss induced by not only Bax but also chemicals such as ethanol and ATP. Thus, the VDAC is one of the essential factors for mitochondrial changes that are central to apoptotic cell death.
Involvement of the VDAC, an outer membrane channel, in loss of Dc across the inner mitochondrial membrane suggests that VDAC somehow communicates with a channel(s) on the inner membrane. Since the PT pore is implicated in apoptotic mitochondrial changes and includes ANT on the inner membrane (Narita et al., 1998; Marzo et al., 1998) , and since Bcl-2 family proteins are known to bind with ANT (Marzo et al., 1998; Shimizu et al., 1999) , ANT was considered to play a major role in inducing the PT, namely Dc loss (Marzo et al., 1998) . However, we showed here, using yeast mitochondria, that ANT was not required for cytochrome c release and Dc loss that were induced by Bax and other PT inducers, including ethanol and ATP. Consistent with this nonessential role of ANT in apoptotic mitochondrial changes in yeast, Bax did not aect ADP/ATP exchange, the major activity of ANT in both mammalian and yeast mitochondria. Although the possibility was not formally excluded that ANT de®ciency was compensated by other channel(s), we showed that ANT-de®cient yeast completely lacked ADP/ATP exchange activity (Figure 2b) , indicating that the major activity of ANT was not compensated at all. Therefore, our results strongly suggest that ANT is not involved in apoptotic mitochondrial changes. Since there are several species of molecules that share structural similarity with ANT, such as the H + /Pi transporter and uncoupler proteins (Klingenberg and Nelson, 1994) , these molecules might play a role in inducing apoptotic Dc loss. Although there might be the possibility that distinct mechanisms are involved in the apoptotic mitochondrial changes occurring in yeast and mammals, the observations described below suggest that a common mechanism seems to be involved. Thus, a conceivable scenario for Bax-induced apoptotic changes of the mitochondria is that Bax opens the VDAC channel, followed by opening of inner membrane channel(s): cytochrome c release is mediated by VDAC opening, and also by PT mediated by opening of inner membrane channel(s).
Yeast cells have been used to study the function of Bcl-2 family of proteins (Greenhalf et al., 1996; Matsuyama et al., 1998; Priault et al., 1999a,b; Shimziu et al., 1999; Gross et al., 2000; Harris et al., 2000) . ANT-de®cient yeast was shown to be resistant to Baxinduced cell death (Marzo et al., 1998) and this observation was taken as genetic evidence that ANT is a functional target of Bax, although the controversial results were also reported (Priault et al., 1999b) . It has been shown that Bax does not kill r 7 yeast or ATP4 (a component of F1F0ATPase)-de®cient yeast Gross et al., 2000; Harris et al., 2000) , and that addition of ATP enhances Bax-induced mitochondrial changes (Priault et al., 1999a) , and respiration was required for Bax-induced cytochrome c release in isolated mitochondria . These results suggest that ATP (or oxidative phosphorylation) seems to be important for the cytotoxicity of Bax in yeast cells. Resistance of ANT-de®cient yeast to Bax might therefore merely be the consequence of a decrease in ATP or oxidative phosphorylation. As for VDAC, there were controversial reports that VDAC-de®cient yeast cells are partially resistant (Gross et al., 2000) or more sensitive to Bax-induced death (Harris et al., 2000) . Accumulating evidence, however, suggests that the mechanism by which Bax kills yeast is substantially dierent from apoptotic mechanism activated by Bax in mammalian cells Gross et al., 2000) . For Figure 6 Protective eect of Bcl-x L on mitochondria is independent of other Bcl-2 family members and ANT. (a, b) Mitochondria (0.05 mg/ml, 1 ml) isolated from wild type (wt) yeast (the parent strain of ANT-de®cient yeast) (a), and ANT1 ± 3-de®cient yeast (DANT1 ± 3) (b) were incubated with or without ethanol (0.33 mM) in the presence or absence of rBcl-x L (50 mg/mg mitochondrial protein), and swelling was measured from the decrease of light scatter. (c) The indicated yeast mitochondria (0.05 mg/ml, 1 ml) were incubated with ethanol (0.33 mM) for 10 min in the presence of rBcl-x L (open column, dotted column, hatched column, and solid column indicate 0, 20, 50, and 80 mg rBcl-x L /mg mitochondrial protein, respectively). Dierences in light scatter between before and 10 min after ethanol addition are shown. Data are representative of three independent experiments. (d) Prevention of rBax-induced cytochrome c release by rBcl-x L in ANT-de®cient mitochondria. Mitochondria (0.5 mg/ml, 1 ml) isolated from wild type and DANT1 ± 3 yeast were incubated with 30 mg/ml of rBax in the presence of rBcl-x L (30 mg/ml) or mock protein for 10 min. Samples were centrifuged, and aliquots (20 ml) of the supernatants (S) and pellets (P) were analysed by Western blotting using anti-yeast cytochrome c antibody.`T' represents an equivalent aliquot of the mitochondria. Data are representative of three independent experiments. (e, f) Inability of VDAC1-de®cient mitochondria to show ATP-induced Dc loss and cytochrome c release, and its prevention by rBcl-x L . Mitochondria (0.5 mg/ml, 1 ml) isolated from wild type (wt) yeast, VDAC1-de®cient yeast (DVDAC), and human VDAC1-expressing DVDAC (DVDAC+hVDAC1) yeast were incubated with or without ATP (0.67 mM) in the presence or absence of rBcl-x L (50 mg/mg mitochondrial protein). After 15 min, a part of the mitochondria was assessed for Dc with Rh123 (e). The remaining samples were centrifuged, and aliquots (20 ml) of the supernatants were analysed by Western blotting using anti-yeast cytochrome c antibody (f).`T' represents an equivalent aliquot of mitochondria. Data are representative of three independent experiments example, cytochrome c plays an essential role in apoptosis in mammalian cell (Li et al., 2000) , whereas it is not involved in yeast death induced by Bax (Gross et al., 2000) . However, yeast mitochondria show apoptotic changes in response to Bcl-2 family of proteins in a similar way as mammalian mitochondria (Shimizu et al., 1999; Priault et al., 1999a, and this study) . Thus, the yeast system seems to be useful for study of functions of Bcl-2 family of proteins on the mitochondria but probably not for cell death.
We showed here that Bcl-x L inhibited Dc loss and cytochrome c release induced by not only Bax but also ATP or ethanol in yeast mitochondria. Since yeast cells do not possess homologs of Bcl-2 family members, these results, together with our previous observations that Bax/Bak induces Dc loss and cytochrome c release in yeast mitochondria (Shimizu et al., 1999) , indicate that Bcl-x L and Bax/Bak function independently while they regulate the activity of their partner proteins through heterodimerization.
It was recently reported that yeast cells have PT pores similar to mammalian PT pores, because in the presence of ethanol, yeast mitochondria undergo swelling, that is inhibited by polyethylene glycol (PEG), PT-like ultrastructural changes, and release of matrix space solutes (Jung et al., 1997) . Although yeast pores do not show any Ca
2+
-dependency or cyclosporin A-sensitivity (Jung et al., 1997) , this might be merely due to the lack of a Ca 2+ uniporter and functional cyclophilin D in yeast mitochondria. We consider that a basic constituent of the yeast PT pores is essentially the same as that of its mammalian PT counterpart, and that the yeast PT pore is a target of Bcl-2 family proteins, based on the following observations: (1) Bcl-2 family proteins, that regulate apoptotic changes of mammalian mitochondria via the PT pore (JuÈ rgensmeier et al., 1998; Narita et al., 1998; Marzo et al., 1998) , regulate apoptotic changes of yeast mitochondria and (2) the VDAC (a target of Bcl-2 family proteins in mammals) is essential for Bax/Bak-induced apoptotic changes of yeast mitochondria (Shimizu et al., 1999, and Figure 4) . Thus, yeast mitochondria seem to be useful for studying not only the molecular basis of apoptotic mitochondrial changes and their regulation, but also biochemical function of Bcl-2 family members in the absence of their activity to heterodimerize with other family members.
Materials and methods
Chemicals
Anti-yeast cytochrome c polyclonal antibody was a kind gift from Dr G Schatz (University of Basel, Switzerland). 
Yeast strains
A VDAC1-de®cient yeast strain (DVDAC) (M22-2, MATa lys2 his4 trp1 ade2 por1::LEU2 ura3) and its parent strain (M3, MATa lys2 his4 trp1 ade2 leu2 ura3) were kind gifts from Dr M Forte (Vollum Institute for Advanced Biomedical Research, Oregon, USA). A human VDAC1-expressing DVDAC yeast strain was produced by transfecting human vdac1 cDNA using lithium acetate with TRP selection (Shimizu et al., 1999) . The ANT3-de®cient yeast strain (DANT3) (WD3, MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 can1-100 aac3::URA3) and its parent strain (W303-1B, MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100) were kind gifts from Dr MG Douglas (University of North Carolina, North Carolina, USA) (Drgon et al., 1992) . Disruption of ANT1 and ANT2 in the WD3 strain was performed by homologous recombination with the respective targeting linear DNA fragments, as described previously (Hashimoto et al., 1999) . Yeast cells were grown in YPD medium.
PCR
Total cellular DNA was isolated from yeast spheroplasts and subjected to PCR analysis for ant genes and pigA (a control chromosomal gene) (Kawagoe et al., 1994 ) using 1.2 mmoles of a set of forward and reverse primers (ant1 nt 1-20 and nt 301-320; ant2 nt 1-20 and nt 331-350; ant3 nt 1-20 and nt 281-300; pigA: nt 2623-2644 and nt 2748-2769). The PCR was performed with 35 cycles of 1 min at 948C, 2 min at 548C, and 2 min at 728C. PCR products were electrophoresed on 1% agarose gel and visualized by ethidium bromide staining.
Preparation of isolated mitochondria
Rat liver mitochondria were isolated as described previously . Brie¯y, livers of male Donryu rats were homogenized with a glass-te¯on Potter homogenizer, and mitochondria were isolated in 0.3 M mannitol, 10 mM potassium HEPES (pH 7.4), 0.2 mM EDTA, and 0.1% fatty acid-free BSA (MT-1). The mitochondria were washed twice with and then resuspended in the same medium without EDTA (MT-2).
Yeast mitochondria were isolated essentially as described previously using 2 mg of zymolyase 20T per gram of cells to form spheroplasts (Daum et al., 1982) . The spheroplasts were homogenized with a tight ®tting homogenizer. Isolated mitochondria were suspended in 0.6 M mannitol, 10 mM Tris-HCl (pH 7.4), and 0.1% fatty acid-free BSA (yMt buer).
Protein purification
Human Bcl-x L was expressed as a GST-fusion protein in Escherichia coli strain DH5a and puri®ed on a glutathioneSepharose column. Then this protein was released from GST by cleavage with thrombin (Shimizu et al., 1999) . Human Bax was expressed as a His-tagged protein in Escherichia coli strain XL1-blue using the Xpress System (Invitrogen) and was puri®ed on a Ni-NTA (nitrilotriacetic acid) agarose (Qiagen) column according to the supplier's protocol (Narita et al., 1998) . The puri®ed proteins were suspended in the same control buer composed of 20 mM Tris-Cl (pH 7.4), 2 mM MgCl 2 , and 1 mM dithiothreitol. Mock control proteins were prepared using GST-and His-tagged proteins from empty vectors.
Measurement of biochemical parameters
ADP transport activity was measured essentially as described elsewhere (Hashimoto et al., 1999) . Brie¯y, rat or yeast mitochondria (1 mg/ml) were suspended in MT2 or yMt buer, respectively, in a total volume of 250 ml, and rBax was added for the indicated periods. Then [ 14 C]ADP (®nal concentration, 100 mM; 36 kBq/mmol) was added, and the mixture was incubated for 5 s at 08C. ADP transport was terminated with 100 mM atractyloside, and mitochondria were spun at 12 000 g for 2 min. The percentage of radioactivity in the pellet relative to total radioactivity was calculated as the ADP uptake.
Mitochondrial membrane potential was measured as described elsewhere . Brie¯y, isolated yeast mitochondria (0.5 mg protein/ml) were incubated at 258C in yMT medium plus 1.0 mM potassium phosphate and 4.2 mM succinate. Dc was assessed by measuring the uptake of rhodamine 123 (Rh123) using a Hitachi F-4500 spectrophotometer, with excitation at 505 nm and emission at 534 nm, after addition of 10 mM Rh123 to the mitochondrial suspension. Rh123 was taken up by mitochondria in a potential dependent manner, resulting in the decrease of uorescence of Rh123. Mitochondrial swelling was assessed from the decrease of light scatter at 520 nm using ā uorescence spectrophotometer (Narita et al., 1998) . For detection of cytochrome c release, mitochondria were spun, and the supernatants and pellets were subjected to Western blot analysis using anti-pigeon cytochrome c antibody, which crossreacts with rat cytochrome c, or anti-yeast cytochrome c antibody (Narita et al., 1998) .
Assessment of cytochrome c release in yeast cells
Yeast cells were transformed with a plasmid (pDGF-mbax) that allowed expression mouse Bax in a galactose-inducible manner, and its control vector (pDGF-V). Yeast cells grown in synthetic minimal medium with dextrose (SD), were washed with water, and suspended for 24 h in synthetic minimal medium with 2% galactose (SG) for induction of Bax expression. Cells were collected and spheroplasts were prepared using zymolyase 20T at 5 mg/gram of cells. Then, spheroplasts were added with 0.3 mg/ml of digitonin for 3 min in isotonic MT2 media, and cytosolic and organellar fraction were separated by centrifugation. Cytochrome c release was analysed by Western blotting using anti-yeast cytochrome c antibody. 3-phosphoglycerate kinase (PGK) (a cytoplasmic protein) and cytochrome c oxidase subunit 1 (COX1) (a mitochondrial protein) were used to verify subcellular fractionation.
Abbreviations PT, permeability transition; AIF, apoptosis-inducing factor; ANT, adenine nucleotide translocator; VDAC, voltage-dependent anion channel; GST, glutathione Stransferase; DTBP, Dimethyl 3, 3 
